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FOREWORD

This handbook is approved for use by the Federal Aviation Administration (FAA) and all
Departments and Agencies of the Department of Defense. MMPDS-01 is equivalent to MIL-HDBK-5]J, the
last edition of the Metallic Materials and Elements for Aerospace Vehicle Structures Handbook that was
maintained by the U.S. Air Force. The FAA plans to publish annual updates and revisions to the MMPDS.
MIL-HDBK-51] is scheduled to be reclassified as noncurrent in the Spring of 2004.

Beneficial comments (recommendations, additions, deletions) and any pertinent data that may be of
use in improving this document should be addressed to: Chairman, MMPDS Coordination Activity (609-
485-4784 voice or 609-485-4004 fax), AAR-450, Materials and Structures Branch, FAA William J. Hughes
Technical Center, Atlantic City International Airport, Atlantic City, NJ 08405.

This document contains design information on the strength properties of metallic materials and
elements for aerospace vehicle structures. All information and data contained in this Handbook have been
coordinated with the FAA, the Air Force, the Army, the Navy, and industry prior to publication and are
being maintained as a joint effort of the FAA and the Department of Defense.

The electronic copy of the Handbook is technically consistent with the paper copy Handbook;
however, minor differences exist in format, i.e., table or figure position. Depending on monitor size and
resolution setting, more data may be viewed without on-screen magnification. The figures were converted
to electronic format using one of several methods. For example, digitization or recomputation methods
were used on most of the engineering figures like typical stress-strain and effect of temperature, etc.
Scanning was used to capture informational figures such as those found in Chapters 1 and 9. These
electronic figures were also used to generate the paper copy figures to maintain equivalency between the
paper copy and electronic copy. In all cases, the electronic figures have been compared to the paper copy
figures to ensure the electronic figure was technically equivalent. Appendix E provides a detailed list of all
the figures in the Handbook, along with a description of each figure’s format.

Custodians: Preparing activity:
FAA FAA William J. Hughes Technical Center
Army—AV
Navy—AS
Air Force—11 (Project No. 1560-0187)

Review activities:
FAA William J. Hughes Technical Center
Army—ME, MI
Navy—CG
Air Force—380, 82, 84, 99
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EXPLANATION OF NUMERICAL CODE

For chapters containing materials properties, a deci-numeric system is used to identify sections of
text, tables, and illustrations. This system is explained in the examples shown below. Variations of this
deci-numerical system are also used in Chapters 1, 8, and 9.

Example A 2.42.1.1

General material category (in this case, steel) ........... ...

A logical breakdown of the base material by family characteristics
(in this case, intermediate alloy steels); or for element properties ........................

Particular alloy to which all data are pertinent. If zero, section contains comments
on the family charaCteristiCs . ... ... ...ttt e e et ettt e

If zero, section contains comments specific to the alloy; if it is an integer, the
number identifies a specific temper or condition (heat treatment) ........................... .

Type of graphical data presented on a given figure
(see following deSCriPtion) . .. ...\ttt et ettt

Example B 323.1.X
AlUmInUM ..o e}
2000 Series Wrought Aoy . .. ..ot e
2024 ALIOY . .ot e

T3, T351, T3510, T3511, T4, and TA2 TeMPEIS . .. oo ottt ettt e e eens

Specific Property as FOLlOWS . ... ... . i e e e

Tensile properties (ultimate and yield strength) .. ...... ... ... ... . i 1
Compressive yield and shear ultimate strengths . .......... ... .. ... ... .. ... .. .. .. .. .. ...
Bearing properties (ultimate and yield strength) ......... ... .. ... ... . . . . .
Modulus of elasticity, shear modulus . ....... ... .. .. . . . .

Elongation, total strain at failure, and reduction ofarea ................ ... ... ... ... .....

Fatigue ...

O 0 9 N U B~ WD

Fatigue-Crack Propagation . ............. ... .ttt et e
Fracture Toughness . ... ... ... . . i e e 10
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CHAPTER 1

GENERAL

1.1 PURPOSE AND USE OF DOCUMENT

1.1.1 INTRODUCTION — Since many aerospace companies manufacture both commercial and
military products, the standardization of metallic materials design data, which are acceptable to
Government procuring or certification agencies is very beneficial to those manufacturers as well as
governmental agencies. Although the design requirements for military and commercial products may
differ greatly, the required design values for the strength of materials and elements and other needed
material characteristics are often identical. Therefore, this publication provides standardized design values
and related design information for metallic materials and structural elements used in aerospace structures.
The data contained herein, or from approved items in the minutes of MMPDS coordination meetings, are
acceptable to the FAA, the Air Force, the Navy, and the Army. Approval by the procuring or certificating
agency must be obtained for the use of design values for products not contained herein.

This printed document is distributed by the National Technical Information Service (NTIS). Itis
the only official form of MMPDS. If computerized third-party MMPDS databases are used, caution
should be exercised to ensure that the information in these databases is identical to that contained in this
Handbook.

Copies of the document can be obtained from the NTIS at the US Department of Commerce
Technology Administration as follows:

US Department of Commerce Technology Administration
National Technical Information Service

5285 Port Royal Road

Springfield, VA 22161

(703) 605-6000

http://www.ntis.gov

1.1.2 ScoPE OF HANDBOOK — This Handbook is primarily intended to provide a source of
design mechanical and physical properties, and joint allowables. Material property and joint data obtained
from tests by material and fastener producers, government agencies, and members of the airframe industry
are submitted to MMPDS for review and analysis. Results of these analyses are submitted to the
membership during semi-annual coordination meetings for approval and, when approved, published in this
Handbook.

This Handbook also contains some useful basic formulas for structural element analysis.
However, structural design and analysis are beyond the scope of this Handbook.

References for data and various test methods are listed at the end of each chapter. The reference
number corresponds to the applicable paragraph of the chapter cited. Such references are intended to
provide sources of additional information, but should not necessarily be considered as containing data
suitable for design purposes.

1-1



MMPDS-01
31 January 2003

The content of this Handbook is arranged as follows:

Chapter(s) Subjects
1 Nomenclature, Systems of Units, Formulas, Material Property Definitions,
Failure Analysis, Column Analysis, Thin-Walled Sections
2-7 Material Properties
8 Joint Allowables
9 Data Requirements, Statistical Analysis Procedures
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1.2 NOMENCLATURE

1.2.1 SYMBOLS AND DEFINITIONS — The various symbols used throughout the Handbook to
describe properties of materials, grain directions, test conditions, dimensions, and statistical analysis
terminology are included in Appendix A.

1.2.2 INTERNATIONAL SYSTEM OF UNITS (SI) — Design properties and joint allowables
contained in this Handbook are given in customary units of U.S. measure to ensure compatibility with
government and industry material specifications and current aecrospace design practice. Appendix A.4 may
be used to assist in the conversion of these units to Standard International (SI) units when desired.
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1.3 CoMMONLY USED FORMULAS

4HhLJh U h h h h

fS max

1.3.1 GENERAL — Formulas provided in the following sections are listed for reference
purposes. Sign conventions generally accepted in their use are that quantities associated with tension
action (loads, stresses, strains, etc.), are usually considered as positive and quantities associated with
compressive action are considered as negative. When compressive action is of primary interest, it is
sometimes convenient to identify associated properties with a positive sign. Formulas for all statistical
computations relating to allowables development are presented in Chapter 9.

1.3.2 SIMPLE UNIT STRESSES —

P/ A (tension)
P/ A (compression)
My /1=M/Z (bending)
S/ A (average direct shear stress)
SQ / Ib (longitudinal or transverse shear stress)
Ty /1, (shear stress in round tubes due to torsion)
(T/2At) (shear stress due to torsion in thin-walled structures of closed
section. Note that A is the area enclosed by the median line of the section.)
Bf, ; f; = Bf; (axial and tangential stresses, where B = biaxial ratio)

1.3.3 COMBINED STRESSES (SEE SECTION 1.5.3.4) —

f, = f, + f, (compression and bending)
1/2
= [fsz +(fn / 2)2 (compression, bending, and torsion)
=1/2 1 e

f

n max

1.3.4 DEFLECTIONS (AXIAL) —

e =0/ L (unit deformation or strain)

E = f/e (This equation applied when E is obtained from the same tests in which

f and e are measured.)

5=eL=(f/E)L

=PL / (AE) (This equation applies when the deflection is to be
calculated using a known value of E.)

1.3.5 DEFLECTIONS (BENDING) —

di/dx = M / (EI) (Change of slope per unit length of a beam; radians per unit length)

[1.3.2(a)]
[1.3.2(b)]
[1.3.2(c)]
[1.3.2(d)]
[1.3.2(e)]

[1.3.2(f)]
[1.3.2(g)]

[1.3.2(h)]

[1.3.3(a)]

[1.3.3(b)]

[1.3.3(c)]

[1.3.4(a)]
[1.3.4(b)]

[1.3.4(c)]
[1.3.4(d)]

[1.3.5(a)]
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X

L,=1,+ J [M/ (EI)]dX — Slope at Point 2. (This integral denotes the area under the
Xy curve of M/EI plotted against x, between the limits of x, and x,.)
X2
Y=Y+ i(x2 - X]) + J (M / EI)(X2 —x) dx — Deflection at Point 2.

X

1.3.5(b)]

[1.3.5(c)]

(This integral denotes the area under the curve having an ordinate equal to M/EI multiplied by the

corresponding distances to Point 2, plotted against x, between the limits of x, and x,.)

X2
Y, =y, + J idx — Deflection at Point 2. (This integral denotes the area under the
X, curve of x,(i) plotted against x, between the limits of X, and x,.)

1.3.6 DEFLECTIONS (TORSION) —

do /dx = T/ (GJ) (Change of angular deflection or twist per unit length of a member,
radians per unit length.)

9]
O = I[T / (GJ )]dx — Total twist over a length from x, to x,. (This integral denotes the
X, area under the curve of T/GJ plotted against x, between the limits

of x, and x,.)
® =TL/(GJ) (Used when torque T/GJ is constant over length L.)
1.3.7 BIAXIAL ELASTIC DEFORMATION —

p = es/e; (Unit lateral deformation/unit axial deformation.) This identifies Poisson’s ratio
in uniaxial loading.

Ee, = f, - pf,
Ee, =1, - pf,
E, i = E(1 - pB) — B = biaxial elastic modulus.
1.3.8 BAsic COLUMN FORMULAS —
F,=n*E, (L' /p)* where L’ =L/ V¢ — conservative using tangent modulus

F.=n’E (L' /p)* — standard Euler formula

1-5

[1.3.5(d)]

[1.3.6(2)]

[1.3.6(b)]

[1.3.6(c)]

[1.3.7(a)]

[1.3.7(b)]

[1.3.7(c)]

[1.3.7(d)]

[1.3.8(a)]

[1.3.8(b)]



MMPDS-01
31 January 2003

1.3.9 INELASTIC STRESS-STRAIN RESPONSE —

€ = I/ E + €, (€lastic strain response plus inelastic or plastic strain response) [1.3.9(a)]
where
e, = 0.002 * (f/f, )", [1.3.9(b)]

fo2ys = the 0.2 percent yield stress and
n = Ramberg-Osgood parameter
Equation [1.3.9(b)] implies a log-linear relationship between inelastic strain and stress, which is observed

with many metallic materials, at least for inelastic strains ranging from the material’s proportional limit
to its yield stress.
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1.4 BASIC PRINCIPLES

1.4.1 GENERAL — It is assumed that users of this Handbook are familiar with the principles of
strength of materials. A brief summary of that subject is presented in the following paragraphs to
emphasize principles of importance regarding the use of allowables for various metallic materials.

Requirements for adequate test data have been established to ensure a high degree of reliability for
allowables published in this Handbook. Statistical analysis methods, provided in Chapter 9, are
standardized and approved by all government regulatory agencies as well as MMPDS members from
industry.

1.4.1.1 Basis — Primary static design properties are provided for the following conditions:

Tension ......... F,and F
Compression . . ... F,

Shear ........... F,,

Bearing ......... Fy, and F

These design properties are presented as A- and B- or S-basis room temperature values for each
alloy. Design properties for other temperatures, when determined in accordance with Section 1.4.1.3, are
regarded as having the same basis as the corresponding room temperature values.

Elongation and reduction of area design properties listed in room temperature property tables
represent procurement specification minimum requirements, and are designated as S-values. Elongation
and reduction of area at other temperatures, as well as moduli, physical properties, creep properties, fatigue
properties and fracture toughness properties are all typical values unless another basis is specifically
indicated.

Use of B-Values — The use of B-basis design properties is permitted in design by the Air Force,
the Army, the Navy, and the Federal Aviation Administration, subject to certain limitations specified by
each agency. Reference should be made to specific requirements of the applicable agency before using
B-values in design.

1.4.1.2 Statistically Calculated Values — Statistically calculated values are S (since
1975), Ty and Ty, S, the minimum properties guaranteed in the material specification, are calculated
using the same requirements and procedure as AMS and is explained in Chapter 9. T,, and T,, are the
local tolerance bounds, and are defined and may be computed using the data requirements and statistical
procedures explained in Chapter 9.

1.4.1.3 Ratioed Values — A ratioed design property is one that is determined through its
relationship with an established design value. This may be a tensile stress in a different grain direction
from the established design property grain direction, or it may be another stress property, e.g.,
compression, shear or bearing. It may also be the same stress property at a different temperature. Refer
to Chapter 9 for specific data requirements and data analysis procedures.

Derived properties are presented in two manners. Room temperature derived properties are

presented in tabular form with their baseline design properties. Other than room temperature derived
properties are presented in graphical form as percentages of the room temperature value. Percentage
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values apply to all forms and thicknesses shown in the room temperature design property table for the heat
treatment condition indicated therein unless restrictions are otherwise indicated. Percentage curves usually
represent short time exposures to temperature (thirty minutes) followed by testing at the same strain rate
as used for the room temperature tests. When data are adequate, percentage curves are shown for other
exposure times and are appropriately labeled.

1.4.2 STRESS — The term “stress” as used in this Handbook implies a force per unit area and is
a measure of the intensity of the force acting on a definite plane passing through a given point (see
Equations 1.3.2(a) and 1.3.2(b)). The stress distribution may or may not be uniform, depending on the
nature of the loading condition. For example, tensile stresses identified by Equation 1.3.2(a) are
considered to be uniform. The bending stress determined from Equation 1.3.2(c) refers to the stress at a
specified distance perpendicular to the normal axis. The shear stress acting over the cross section of a
member subjected to bending is not uniform. (Equation 1.3.2(d) gives the average shear stress.)

1.4.3 STRAIN — Strain is the change in length per unit length in a member or portion of a
member. As in the case of stress, the strain distribution may or may not be uniform in a complex structural
element, depending on the nature of the loading condition. Strains usually are present also in directions
other than the directions of applied loads.

1.4.3.1 Poisson’s Ratio Effect — A normal strain is that which is associated with a normal
stress; a normal strain occurs in the direction in which its associated normal stress acts. Normal strains
that result from an increase in length are designated as positive (+) and those that result in a decrease in
length are designated as negative (-).

Under the condition of uniaxial loading, strain varies directly with stress. The ratio of stress to
strain has a constant value (E) within the elastic range of the material, but decreases when the proportional
limit is exceeded (plastic range). Axial strain is always accompanied by lateral strains of opposite sign
in the two directions mutually perpendicular to the axial strain. Under these conditions, the absolute value
of a ratio of lateral strain to axial strain is defined as Poisson’s ratio. For stresses within the elastic range,
this ratio is approximately constant. For stresses exceeding the proportional limit, this ratio is a function
of the axial strain and is then referred to as the lateral contraction ratio. Information on the variation of
Poisson’s ratio with strain and with testing direction is available in Reference 1.4.3.1.

Under multiaxial loading conditions, strains resulting from the application of each directional load
are additive. Strains must be calculated for each of the principal directions taking into account each of the
principal stresses and Poisson’s ratio (see Equation 1.3.7 for biaxial loading).

1.4.3.2 Shear Strain — When an element of uniform thickness is subjected to pure shear,
each side of the element will be displaced in opposite directions. Shear strain is computed by dividing this
total displacement by the right angle distance separating the two sides.

1.4.3.3 Strain Rate — Strain rate is a function of loading rate. Test results are dependent
upon strain rate, and the ASTM testing procedures specify appropriate strain rates. Design properties in
this Handbook were developed from test data obtained from coupons tested at the stated strain rate or up
to a value of 0.01 in./in./min, the standard maximum static rate for tensile testing materials per
specification ASTM E 8.

1.4.3.4 Elongation and Reduction of Area — Elongation and reduction of area are
measured in accordance with specification ASTM E 8.
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1.4.4 TENSILE PROPERTIES — When a metallic specimen is tested in tension using standard
procedures of ASTM E 8, it is customary to plot results as a “stress-strain diagram.” Typical tensile stress-
strain diagrams are characterized in Figure 1.4.4. Such diagrams, drawn to scale, are provided in
appropriate chapters of this Handbook. The general format of such diagrams is to provide a strain scale
nondimensionally (in./in.) and a stress scale in 1000 Ib/in. (ksi). Properties required for design and
structural analysis are discussed in Sections 1.4.4.1 to 1.4.4.6.

1.4.4.1 Modulus of Elasticity (E) — Referring to Figure 1.4.4, it is noted that the initial part
of stress-strain curves are straight lines. This indicates a constant ratio between stress and strain.
Numerical values of such ratios are defined as the modulus of elasticity, and denoted by the letter E. This
value applies up to the proportional limit stress at which point the initial slope of the stress-strain curve
then decreases. Modulus of elasticity has the same units as stress. See Equation 1.3.4 (b).

Other moduli of design importance are tangent modulus, E,, and secant modulus, E,. Both of these
moduli are functions of strain. Tangent modulus is the instantaneous slope of the stress-strain curve at any
selected value of strain. Secant modulus is defined as the ratio of total stress to total strain at any selected
value of strain. Both of these moduli are used in structural element designs. Except for materials such
as those described with discontinuous behaviors, such as the upper stress-strain curve in Figure 1.4.4,
tangent modulus is the lowest value of modulus at any state of strain beyond the proportional limit.
Similarly, secant modulus is the highest value of modulus beyond the proportional limit.

Clad aluminum alloys may have two separate modulus of elasticity values, as indicated in the
typical stress-strain curve shown in Figure 1.4.4. The initial slope, or primary modulus, denotes a
response of both the low-strength cladding and higher-strength core elastic behaviors. This value applies
only up to the proportional limit of the cladding. For example, the primary modulus 0f 2024-T3 clad sheet
applies only up to about 6 ksi. Similarly, the primary modulus of 7075-T6 clad sheet applies only up to
approximately 12 ksi. A typical use of primary moduli is for low amplitude, high frequency fatigue.
Primary moduli are not applicable at higher stress levels. Above the proportional limits of cladding
materials, a short transition range occurs while the cladding is developing plastic behavior. The material
then exhibits a secondary elastic modulus up to the proportional limit of the core material. This secondary
modulus is the slope of the second straight line portion of the stress-strain curve. In some cases, the
cladding is so little different from the core material that a single elastic modulus value is used.

1.4.4.2 Tensile Proportional Limit Stress (F, ) — The tensile proportional limit is the
maximum stress for which strain remains proportional to stress. Since it is practically impossible to
determine precisely this point on a stress-strain curve, it is customary to assign a small value of plastic
strain to identify the corresponding stress as the proportional limit. In this Handbook, the tension and
compression proportional limit stress corresponds to a plastic strain of 0.0001 in./in.

1.4.4.3 Tensile Yield Stress (TYS or F, ) — Stress-strain diagrams for some ferrous alloys
exhibit a sharp break at a stress below the tensile ultimate strength. At this critical stress, the material
elongates considerably with no apparent change in stress. See the upper stress-strain curve in Figure 1.4.4.
The stress at which this occurs is referred to as the yield point. Most nonferrous metallic alloys and most
high strength steels do not exhibit this sharp break, but yield in a monotonic manner. This condition is
also illustrated in Figure 1.4.4. Permanent deformation may be detrimental, and the industry adopted
0.002 in./in. plastic strain as an arbitrary limit that is considered acceptable by all regulatory agencies. For
tension and compression, the corresponding stress at this offset strain is defined as the yield stress (see
Figure 1.4.4). This value of plastic axial strain is 0.002 in./in. and the corresponding stress is defined as
the yield stress. For practical purposes, yield stress can be determined from a stress-strain diagram by
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extending a line parallel to the elastic modulus line and offset from the origin by an amount of 0.002 in./in.
strain. The yield stress is determined as the intersection of the offset line with the stress-strain curve.

[Yieid stress Ultimate tensile stress o~
3
3‘
g
) Proportional limit ) _ o
(a) Material Having a Definite
Yield Point (Such as Some
Steels)
Strain, in/in
— Ultimate tensile stress N
2
o (b) Materials Not Having a
o Definite Yield Point (Such as
& Proportional limit Aluminum alloys, some Magnesium
alloys, and some Steels)
0.002 offset Strain, in/in
Primary modulus line
Secondary modulus line -
~
—_ Ultimate tensile stress
w
k4
] [Yield stress
»
(c) Some clad Aluminum alloys

0002 offset Strain, in/in

Figure 1.4.4. Typical tensile stress-strain diagrams.
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1.4.4.4 Tensile Ultimate Stress (TUS or F,) — Figure 1.4.4 shows how the tensile
ultimate stress is determined from a stress-strain diagram. It is simply the maximum stress attained. It
should be noted that all stresses are based on the original cross-sectional dimensions of a test specimen,
without regard to the lateral contraction due to Poisson’s ratio effects. That is, all strains used herein are
termed engineering strains as opposed to true strains which take into account actual cross sectional
dimensions. Ultimate tensile stress is commonly used as a criterion of the strength of the material for
structural design, but it should be recognized that other strength properties may often be more important.

1.4.4.5 Elongation (e) — An additional property that is determined from tensile tests is
elongation. This is a measure of ductility. Elongation, also stated as total elongation, is defined as the
permanent increase in gage length, measured after fracture of a tensile specimen. It is commonly
expressed as a percentage of the original gage length. Elongation is usually measured over a gage length
of 2 inches for rectangular tensile test specimens and in 4D (inches) for round test specimens. Welded test
specimens are exceptions. Refer to the applicable material specification for applicable specified gage
lengths. Although elongation is widely used as an indicator of ductility, this property can be significantly
affected by testing variables, such as thickness, strain rate, and gage length of test specimens. See Section
1.4.1.1 for data basis.

1.4.4.6 Reduction of Area (RA) — Another property determined from tensile tests is
reduction of area, which is also a measure of ductility. Reduction of area is the difference, expressed as
apercentage of the original cross sectional area, between the original cross section and the minimum cross
sectional area adjacent to the fracture zone of a tested specimen. This property is less affected by testing

variables than elongation, but is more difficult to compute on thin section test specimens. See Section
1.4.1.1 for data basis.

1.4.5 COMPRESSIVE PROPERTIES — Results of compression tests completed in accordance with
ASTM E 9 are plotted as stress-strain curves similar to those shown for tension in Figure 1.4.4. Preceding
remarks concerning tensile properties of materials, except for ultimate stress and elongation, also apply
to compressive properties. Moduli are slightly greater in compression for most of the commonly used
structural metallic alloys. Special considerations concerning the ultimate compressive stress are described
in the following section. An evaluation of techniques for obtaining compressive strength properties of thin
sheet materials is outlined in Reference 1.4.5.

1.4.5.1 Compressive Ultimate Stress (F_,) — Since the actual failure mode for the highest
tension and compression stress is shear, the maximum compression stress is limited to F,,. The driver for
all the analysis of all structure loaded in compression is the slope of the compression stress strain curve,
the tangent modulus.

1.4.5.2 Compressive Yield Stress (CYS or F.) — Compressive yield stress is measured
in a manner identical to that done for tensile yield strength. It is defined as the stress corresponding to
0.002 in./in. plastic strain.

1.4.6 SHEAR PROPERTIES — Results of torsion tests on round tubes or round solid sections are
plotted as torsion stress-strain diagrams. The shear modulus of elasticity is considered a basic shear
property. Other properties, such as the proportional limit stress and shear ultimate stress, cannot be treated
as basic shear properties because of “form factor” effects. The theoretical ratio between shear and tensile
stress for homogeneous, isotropic materials is 0.577. Reference 1.4.6 contains additional information on
this subject.
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1.4.6.1 Modulus of Rigidity (G) — This property is the initial slope of the shear stress-strain
curve. It is also referred to as the modulus of elasticity in shear. The relation between this property and
the modulus of elasticity in tension is expressed for homogeneous isotropic materials by the following
equation:
E

T2+ )

[1.4.6.1]

1.4.6.2 Proportional Limit Stress in Shear (F,,) — This property is of particular interest
in connection with formulas which are based on considerations of linear elasticity, as it represents the
limiting value of shear stress for which such formulas are applicable. This property cannot be determined
directly from torsion tests.

1.4.6.3 Yield and Ultimate Stresses in Shear (SYS or F,)) and (SUS or F,)) —
These properties, as usually obtained from ASTM test procedures tests, are not strictly basic properties,
as they will depend on the shape of the test specimen. In such cases, they should be treated as moduli and
should not be combined with the same properties obtained from other specimen configuration tests.

Design values reported for shear ultimate stress (F,,) in room temperature property tables for
aluminum and magnesium thin sheet alloys are based on “punch” shear type tests except when noted.
Heavy section test data are based on “pin” tests. Thin aluminum products may be tested to ASTM B 831,
which is a slotted shear test. Thicker aluminums use ASTM B 769, otherwise known as the Amsler shear
test. These two tests only provide ultimate strength. Shear data for other alloys are obtained from pin
tests, except where product thicknesses are insufficient. These tests are used for other alloys; however,
the standards don’t specifically cover materials other than aluminum

1.4.7 BEARING PROPERTIES — Bearing stress limits are of value in the design of mechanically
fastened joints and lugs. Only yield and ultimate stresses are obtained from bearing tests. Bearing stress
is computed from test data by dividing the load applied to the pin, which bears against the edge of the hole,
by the bearing area. Bearing area is the product of the pin diameter and the sheet or plate thickness.

A bearing test requires the use of special cleaning procedures as specified in ASTM E 238.
Results are identified as “dry-pin” values. The same tests performed without application of ASTM E 238
cleaning procedures are referred to as “wet pin” tests. Results from such tests can show bearing stresses
at least 10 percent lower than those obtained from “dry pin” tests. See Reference 1.4.7 for additional
information. Additionally, ASTM E 238 requires the use of hardened pins that have diameters within
0.001 of the hole diameter. As the clearance increases to 0.001 and greater, the bearing yield and failure
stress tends to decrease.

In the definition of bearing values, t is sheet or plate thickness, D is the pin diameter, and e is the
edge distance measured from the center of the hole to the adjacent edge of the material being tested in the
direction of applied load.

1.4.7.1 Bearing Yield and Ultimate Stresses (BYS or F,, ) and (BUS or F,,,) —BUS
is the maximum stress withstood by a bearing specimen. BYS is computed from a bearing stress-
deformation curve by drawing a line parallel to the initial slope at an offset of 0.02 times the pin diameter.

Tabulated design properties for bearing yield stress (F,,,) and bearing ultimate stress (F,,) are

provided throughout the Handbook for edge margins of e/D = 1.5 and 2.0. Bearing values for e/D of 1.5
are not intended for designs of /D < 1.5. Bearing values for /D < 1.5 must be substantiated by adequate
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tests, subject to the approval of the procuring or certificating regulatory agency. For edge margins
between 1.5 and 2.0, linear interpolation of properties may be used.

Bearing design properties are applicable to t/D ratios from 0.25 to 0.50. Bearing design values
for conditions of t/D < 0.25 or t/D > 0.50 must be substantiated by tests. The percentage curves showing
temperature effects on bearing stress may be used with both e/D properties of 1.5 and 2.0.

Due to differences in results obtained between dry-pin and wet-pin tests, designers are encouraged
to consider the use of a reduction factor with published bearing stresses for use in design.

1.4.8 TEMPERATURE EFFECTS — Temperature effects require additional considerations for static,
fatigue and fracture toughness properties. In addition, this subject introduces concerns for time-dependent
creep properties.

1.4.8.1 Low Temperature — Temperatures below room temperature generally cause an
increase in strength properties of metallic alloys. Ductility, fracture toughness, and elongation usually
decrease. For specific information, see the applicable chapter and references noted therein.

1.4.8.2 Elevated Temperature — Temperatures above room temperature usually cause a
decrease in the strength properties of metallic alloys. This decrease is dependent on many factors, such
as temperature and the time of exposure which may degrade the heat treatment condition, or cause a
metallurgical change. Ductility may increase or decrease with increasing temperature depending on the
same variables. Because of this dependence of strength and ductility at elevated temperatures on many
variables, it is emphasized that the elevated temperature properties obtained from this Handbook be
applied for only those conditions of exposure stated herein.

The effect of temperature on static mechanical properties is shown by a series of graphs of
property (as percentages of the room temperature allowable property) versus temperature. Data used to
construct these graphs were obtained from tests conducted over a limited range of strain rates. Caution
should be exercised in using these static property curves at very high temperatures, particularly if the
strain rate intended in design is much less than that stated with the graphs. The reason for this concern
is that at very low strain rates or under sustained loads, plastic deformation or creep deformation may
occur to the detriment of the intended structural use.

1.4.8.2.1 Creep and Stress-Rupture Properties — Creep is defined as a time-dependent
deformation of a material while under an applied load. It is usually regarded as an elevated temperature
phenomenon, although some materials creep at room temperature. If permitted to continue indefinitely,
creep terminates in rupture. Since creep in service is usually typified by complex conditions of loading
and temperature, the number of possible stress-temperature-time profiles is infinite. For economic reasons,
creep data for general design use are usually obtained under conditions of constant uniaxial loading and
constant temperature in accordance with Reference 1.4.8.2.1(a). Creep data are sometimes obtained under
conditions of cyclic uniaxial loading and constant temperature, or constant uniaxial loading and variable
temperatures. Section 9.3.6 provides a limited amount of creep data analysis procedures. It is recognized
that, when significant creep appears likely to occur, it may be necessary to test under simulated service
conditions because of difficulties posed in attempting to extrapolate from simple to complex stress-
temperature-time conditions.

Creep damage is cumulative similar to plastic strain resulting from multiple static loadings. This
damage may involve significant effects on the temper of heat treated materials, including annealing, and
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the initiation and growth of cracks or subsurface voids within a material. Such effects are often recognized
as reductions in short time strength properties or ductility, or both.

1.4.8.2.2 Creep-Rupture Curve — Results of tests conducted under constant loading and
constant temperature are usually plotted as strain versus time up to rupture. A typical plot of this nature
is shown in Figure 1.4.8.2.2. Strain includes both the instantaneous deformation due to load application
and the plastic strain due to creep. Other definitions and terminology are provided in Section 9.3.6.2.
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Time, hours
Figure 1.4.8.2.2. Typical creep-rupture curve.

1.4.8.2.3 Creep or Stress-Rupture Presentations — Results of creep or stress-rupture tests
conducted over a range of stresses and temperatures are presented as curves of stress versus the logarithm
of time to rupture. Each curve represents an average, best-fit description of measured behavior.
Modification of such curves into design use are the responsibility of the design community since material
applications and regulatory requirements may differ. Refer to Section 9.3.6 for data reduction and
presentation methods and References 1.4.8.2.1(b) and (c).

1.4.9 FATIGUE PROPERTIES — Repeated loads are one of the major considerations for design
of both commercial and military aircraft structures. Static loading, preceded by cyclic loads of lesser
magnitudes, may result in mechanical behaviors (F,, , F,, , etc.) lower than those published in room
temperature allowables tables. Such reductions are functions of the material and cyclic loading conditions.
A fatigue allowables development philosophy is not presented in this Handbook. However, basic
laboratory test data are useful for materials selection. Such data are therefore provided in the appropriate
materials sections.

In the past, common methods of obtaining and reporting fatigue data included results obtained
from axial loading tests, plate bending tests, rotating bending tests, and torsion tests. Rotating bending
tests apply completely reversed (tension-compression) stresses to round cross section specimens. Tests
of this type are now seldom conducted for aerospace use and have therefore been dropped from
importance in this Handbook. For similar reasons, flexural fatigue data also have been dropped. No
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significant amount of torsional fatigue data have ever been made available. Axial loading tests, the only
type retained in this Handbook, consist of completely reversed loading conditions (mean stress equals
zero) and those in which the mean stress was varied to create different stress (or strain) ratios (R =
minimum stress or strain divided by maximum stress or strain). Refer to Reference 1.4.9(a) for load
control fatigue testing guidelines and Reference 1.4.9(b) for strain control fatigue testing guidelines.

1.4.9.1 Terminology — A number of symbols and definitions are commonly used to describe
fatigue test conditions, test results and data analysis techniques. The most important of these are described
in Section 9.3.4.2.

1.4.9.2 Graphical Display of Fatigue Data — Results of axial fatigue tests are reported
on S-N and € - N diagrams. Figure 1.4.9.2(a) shows a family of axial load S-N curves. Data for each
curve represents a separate R-value.

S-N and € - N diagrams are shown in this Handbook with the raw test data plotted for each stress
or strain ratio or, in some cases, for a single value of mean stress. A best-fit curve is drawn through the
data at each condition. Rationale used to develop best-fit curves and the characterization of all such curves
in a single diagram is explained in Section 9.3.4. For load control test data, individual curves are usually
based on an equivalent stress that consolidates data for all stress ratios into a single curve. Refer to Figure
1.4.9.2(b). For strain control test data, an equivalent strain consolidation method is used.

Elevated temperature fatigue test data are treated in the same manner as room temperature data,
as long as creep is not a significant factor and room temperature analysis methods can be applied. In the
limited number of cases where creep strain data have been recorded as a part of an elevated temperature
fatigue test series, S-N (or € - N) plots are constructed for specific creep strain levels. This is provided
in addition to the customary plot of maximum stress (or strain) versus cycles to failure.

The above information may not apply directly to the design of structures for several reasons. First,
Handbook information may not take into account specific stress concentrations unique to any given
structural design. Design considerations usually include stress concentrations caused by re-entrant
corners, notches, holes, joints, rough surfaces, structural damage, and other conditions. Localized high
stresses induced during the fabrication of some parts have a much greater influence on fatigue properties
than on static properties. These factors significantly reduce fatigue life below that which is predictable
by estimating smooth specimen fatigue performance with estimated stresses due to fabrication. Fabricated
parts have been found to fail at less than 50,000 cycles of loading when the nominal stress was far below
that which could be repeated many millions of times using a smooth-machined test specimen.

Notched fatigue specimen test data are shown in various Handbook figures to provide an
understanding of deleterious effects relative to results for smooth specimens. All of the mean fatigue
curves published in this Handbook, including both the notched fatigue and smooth specimen fatigue
curves, require modification into allowables for design use. Such factors may impose a penalty on cyclic
life or upon stress. This is a responsibility for the design community. Specific reductions vary between
users of such information, and depending on the criticality of application, sources of uncertainty in the
analysis, and requirements of the certificating activity. References 1.4.9.2(a) and (b) contain more specific
information on fatigue testing procedures, organization of test results, influences of various factors, and
design considerations.
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1.4.10 METALLURGICAL INSTABILITY — In addition to the retention of strength and ductility, a
structural material must also retain surface and internal stability. Surface stability refers to the resistance
of the material to oxidizing or corrosive environments. Lack of internal stability is generally manifested
(in some ferrous and several other alloys) by carbide precipitation, spheroidization, sigma-phase
formation, temper embrittlement, and internal or structural transformation, depending upon the specific
conditions of exposure.

Environmental conditions, that influence metallurgical stability include heat, level of stress,
oxidizing or corrosive media, and nuclear radiation. The effect of environment on the material can be
observed as either improvement or deterioration of properties, depending upon the specific imposed
conditions. For example, prolonged heating may progressively raise the strength of a metallic alloy as
measured on smooth tensile or fatigue specimens. However, at the same time, ductility may be reduced
to such an extent that notched tensile or fatigue behavior becomes erratic or unpredictable. The metallurgy
of each alloy should be considered in making material selections.

Under normal temperatures, i.e., between -65 °F and 160 °F, the stability of most structural metallic
alloys is relatively independent of exposure time. However, as temperature is increased, the metallurgical
instability becomes increasingly time dependent. The factor of exposure time should be considered in
design when applicable.

1.4.11 BIAXIAL PROPERTIES — Discussions up to this point pertained to uniaxial conditions of
static, fatigue, and creep loading. Many structural applications involve both biaxial and triaxial loadings.
Because of the difficulties of testing under triaxial loading conditions, few data exist. However,
considerable biaxial testing has been conducted and the following paragraphs describe how these results
are presented in this Handbook. This does not conflict with data analysis methods presented in Chapter
9. Therein, statistical analysis methodology is presented solely for use in analyzing test data to establish
allowables.

If stress axes are defined as being mutually perpendicular along x-, y-, and z-directions in a
rectangular coordinate system, a biaxial stress is then defined as a condition in which loads are applied
in both the x- and y-directions. In some special cases, loading may be applied in the z-direction instead
of the y-direction. Most of the following discussion will be limited to tensile loadings in the x- and y-
directions. Stresses and strains in these directions are referred to as principal stresses and principal strains.
See Reference 1.4.11.

When a specimen is tested under biaxial loading conditions, it is customary to plot the results as
a biaxial stress-strain diagram. These diagrams are similar to uniaxial stress-strain diagrams shown in
Figure 1.4.4. Usually, only the maximum (algebraically larger) principal stress and strain are shown for
each test result. When tests of the same material are conducted at different biaxial stress ratios, the
resulting curves may be plotted simultaneously, producing a family of biaxial stress-strain curves as
shown in Figure 1.4.11 for an isotropic material. For anisotropic materials, biaxial stress-strain curves also
require distinction by grain direction.

The reference direction for a biaxial stress ratio, i.e., the direction corresponding to B=0, should
be clearly indicated with each result. The reference direction is always considered as the longitudinal
(rolling) direction for flat products and the hoop (circumferential) direction for shells of revolution, e.g.,
tubes, cones, etc. The letter B denotes the ratio of applied stresses in the two loading directions. For
example, biaxility ratios of 2 and 0.5 shown in Figure 1.4.11 indicate results representing both biaxial
stress ratios of 2 or 0.5, since this is a hypothetical example for an isotropic material, e.g., cross-rolled
sheet. In a similar manner, the curve labeled B=1 indicates a biaxial stress-strain result for equally applied
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stresses in both directions. The curve labeled B = «, 0 indicates the biaxial stress-strain behavior when
loading is applied in only one direction, e.g., uniaxial behavior. Biaxial property data presented in the
Handbook are to be considered as basic material properties obtained from carefully prepared specimens.
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Figure 1.4.11. Typical biaxial stress-strain diagrams
for isotropic materials.

1.4.11.1 Biaxial Modulus of Elasticity — Referring to Figure 1.4.11, it is noted that the
original portion of each stress-strain curve is essentially a straight line. Inuniaxial tension or compression,
the slope of this line is defined as the modulus of elasticity. Under biaxial loading conditions, the initial
slope of such curves is defined as the biaxial modulus. It is a function of biaxial stress ratio and Poisson’s
ratio. See Equation 1.3.7.4.

1.4.11.2 Biaxial Yield Stress — Biaxial yield stress is defined as the maximum principal
stress corresponding to 0.002 in./in. plastic strain in the same direction, as determined from a test curve.

In the design of acrospace structures, biaxial stress ratios other than those normally used in biaxial
testing are frequently encountered. Information can be combined into a single diagram to enable
interpolations at intermediate biaxial stress ratios, as shown in Figure 1.4.11.2. Anenvelope is constructed
through test results for each tested condition of biaxial stress ratios. In this case, a typical biaxial yield
stress envelope is identified. In the preparation of such envelopes, data are first reduced to
nondimensional form (percent of uniaxial tensile yield stress in the specified reference direction), then a
best-fit curve is fitted through the nondimensionalized data. Biaxial yield strength allowables are then
obtained by multiplying the uniaxial F, (or F,,) allowable by the applicable coordinate of the biaxial stress
ratio curve. To avoid possible confusion, the reference direction used for the uniaxial yield strength is
indicated on each figure.
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Figure 1.4.11.2. Typical biaxial yield stress
envelope.

1.4.11.3 Biaxial Ultimate Stress — Biaxial ultimate stress is defined as the highest nominal
principal stress attained in specimens of a given configuration, tested at a given biaxial stress ratio. This
property is highly dependent upon geometric configuration of the test parts. Therefore, such data should
be limited in use to the same design configurations.

The method of presenting biaxial ultimate strength data is similar to that described in the preceding
section for biaxial yield strength. Both biaxial ultimate strength and corresponding uniform elongation
data are reported, when available, as a function of biaxial stress ratio test conditions.

1.4.12 FRACTURE TOUGHNESS — The occurrence of flaws in a structural component is an
unavoidable circumstance of material processing, fabrication, or service. Flaws may appear as cracks,
voids, metallurgical inclusions, weld defects, design discontinuities, or some combination thereof. The
fracture toughness of a part containing a flaw is dependent upon flaw size, component geometry, and a
material property defined as fracture toughness. The fracture toughness of a material is literally a measure
of its resistance to fracture. As with other mechanical properties, fracture toughness is dependent upon

alloy type, processing variables, product form, geometry, temperature, loading rate, and other enviro-
nmental factors.

This discussion is limited to brittle fracture, which is characteristic of high strength materials under
conditions of loading resulting in plane-strain through the cross section. Very thin materials are described
as being under the condition of plane-stress. The following descriptions of fracture toughness properties
applies to the currently recognized practice of testing specimens under slowly increasing loads. Attendant
and interacting conditions of cyclic loading, prolonged static loadings, environmental influences other than
temperature, and high strain rate loading are not considered.
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1.4.12.1 Brittle Fracture — For materials that have little capacity for plastic flow, or for flaw
and structural configurations, which induce triaxial tension stress states adjacent to the flaw, component
behavior is essentially elastic until the fracture stress is reached. Then, a crack propagates from the flaw
suddenly and completely through the component. A convenient illustration of brittle fracture is a typical
load-compliance record of a brittle structural component containing a flaw, as illustrated in Figure
1.4.12.1. Since little or no plastic effects are noted, this mode is termed brittle fracture.

This mode of fracture is characteristic of the very high-strength metallic materials under plane-
strain conditions.

o Fracture at
. Maximum Load
g
°
2
(4]
c
n

Structural Deformation, /A

Figure 1.4.12.1. Typical load-deformation
record of a structural component containing a
flaw subject to brittle fracture.

1.4.12.2 Brittle Fracture Analysis — The application of linear elastic fracture mechanics
has led to the stress intensity concept to relate flaw size, component geometry, and fracture toughness.
In its very general form, the stress intensity factor, K, can be expressed as

K =fvaY, ksi-in."? [1.4.12.2]
where
f = stress applied to the gross section, ksi
a = measure of flaw size, inches
Y = factor relating component geometry and flaw size, nondimensional. See

Reference 1.4.12.2(a) for values.

For every structural material, which exhibits brittle fracture (by nature of low ductility or plane-

strain stress conditions), there is a lower limiting value of K termed the plane-strain fracture toughness,
K

Ic*
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The specific application of this relationship is dependent on flaw type, structural configuration and
type of loading, and a variety of these parameters can interact in a real structure. Flaws may occur through
the thickness, may be imbedded as voids or metallurgical inclusions, or may be partial-through (surface)
cracks. Loadings of concern may be tension and/or flexure. Structural components may vary in section
size and may be reinforced in some manner. The ASTM Committee E 8 on Fatigue and Fracture has
developed testing and analytical techniques for many practical situations of flaw occurrence subject to
brittle fracture. They are summarized in Reference 1.4.12.2(a).

1.4.12.3 Critical Plane-Strain Fracture Toughness — A tabulation of fracture
toughness data is printed in the general discussion prefacing most alloy chapters in this Handbook. These
critical plane-strain fracture toughness values have been determined in accordance with recommended
ASTM testing practices. This information is provided for information purposes only due to limitations
in available data quantities and product form coverages. The statistical reliability of these properties is
not known. Listed properties generally represent the average value of a series of test results.

Fracture toughness of a material commonly varies with grain direction. When identifying either
test results or a general critical plane strain fracture toughness average value, it is customary to specify
specimen and crack orientations by an ordered pair of grain direction symbols per ASTM E399.
[Reference 1.4.12.2(a).] The first digit denotes the grain direction normal to the crack plane. The second
digit denotes the grain direction parallel to the fracture plane. For flat sections of various products, e.g.,
plate, extrusions, forgings, etc., in which the three grain directions are designated (L) longitudinal, (T)
transverse, and (S) short transverse, the six principal fracture path directions are: L-T, L-S, T-L, T-S, S-L
and S-T. Figure 1.4.12.3(a) identifies these orientations. For cylindrical sections where the direction of
principle deformation is parallel to the longitudinal axis of the cylinder, the reference directions are
identified as in Figure 1.4.12.3(b), which gives examples for a drawn bar. The same system would be
useful for extrusions or forged parts having circular cross section.

Figure 1.4.12.3(a). Typical principal fracture Figure 1.4.12.3(b). Typical
path directions. principal fracture path directions
for cylindrical shapes.

1.4.12.3.1 Environmental Effects — Cyclic loading, even well below the fracture threshold
stress, may result in the propagation of flaws, leading to fracture. Strain rates in excess of standard static
rates may cause variations in fracture toughness properties. There are significant influences of temperature
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on fracture toughness properties. Temperature effects data are limited. These information are included
in each alloy section, when available.

Under the condition of sustained loading, it has been observed that certain materials exhibit
increased flaw propagation tendencies when situated in either aqueous or corrosive environments. When
such is known to be the case, appropriate precautionary notes have been included with the standard
fracture toughness information.

1.4.12.4 Fracture in Plane-Stress and Transitional-Stress States — Plane-strain
conditions do not describe the condition of certain structural configurations which are either relatively thin
or exhibit appreciable ductility. In these cases, the actual stress state may approach the opposite extreme,
plane-stress, or, more generally, some intermediate- or transitional-stress state. The behavior of flaws and
cracks under these conditions is different from those of plane-strain. Specifically, under these conditions,
significant plastic zones can develop ahead of the crack or flaw tip, and stable extension of the
discontinuity occurs as a slow tearing process. This behavior is illustrated in a compliance record by a
significant nonlinearity prior to fracture as shown in Figure 1.4.12.4. This nonlinearity results from the
alleviation of stress at the crack tip by causing plastic deformation.

Maximum load
and fracture

Po Threshold of nonlinear behavior (slow
crack growth and plasticity)

Load

- A

Displacement
Figure 1.4.12.4. Typical load-deformation
record for non-plane strain fracture.

1.4.12.4.1 Analysis of Plane-Stress and Transitional-Stress State Fracture — The basic
concepts of linear elastic fracture mechanics as used in plane-strain fracture analysis also applies to these
conditions. The stress intensity factor concept, as expressed in general form by Equation 1.4.12.2, is used
to relate load or stress, flaw size, component geometry, and fracture toughness.

However, interpretation of the critical flaw dimension and corresponding stress has two pos-

sibilities. This is illustrated in Figure 1.4.12.4.1. One possibility is the onset of nonlinear displacement
with increasing load. The other possibility identifies the fracture condition, usually very close to the

1-22



MMPDS-01
31 January 2003

Stress

|

C

+r

Maximum stress, f.

Fracture nstability

Stress at onset
of crack extension, f,

Crack extension
during loading

- Crack length

2a, 2qa,
Initial Critical
fatigue crack
precrack length
length

Figure 1.4.12.4.1. Crack growth curve.

maximum load. Generally, these two conditions are separated in applied stress and exhibit large
differences in flaw dimensions due to stable tearing.

When a compliance record is transformed into a crack growth curve, the difference between the
two possible K-factor designations becomes more apparent. In most practical cases, the definition of
nonlinear crack length with increasing load is difficult to assess. As a result, an alternate characterization
of this behavior is provided by defining an artificial or “apparent” stress intensity factor.

K, = fiaY [1.4.12.4.1]

The apparent fracture toughness is computed as a function of the maximum stress and initial flaw
size. This datum coordinate corresponds to point A in Figure 1.4.12.4.1. This conservative stress intensity
factor is a first approximation to the actual property associated with the point of fracture.

1.4.12.5 Apparent Fracture Toughness Values for Plane-Stress and
Transitional-Stress States — When available, each alloy chapter contains graphical formats of stress
versus flaw size. This is provided for each temper, product form, grain direction, thickness, and specimen
configuration. Data points shown in these graphs represent the initial flaw size and maximum stress
achieved. These data have been screened to assure that an elastic instability existed at fracture, consistent
with specimen type. The average K, curve, as defined in the following subsections, is shown for each
set of data.

1.4.12.5.1 Middle-Tension Panels — The calculation of apparent fracture toughness for
middle-tension panels is given by the following equation.
172
K.p= fc(nao -secma, /W) [1.4.12.5.1(a)]

ap]

Data used to compute K, values have been screened to ensure that the net section stress at failure did not
exceed 80 percent of the tensile yield strength; that is, they satisfied the criterion:

f <08(TYS)/(1-2a/W) [1.4.12.5.1(b)]

This criterion assures that the fracture was an elastic instability and that plastic effects are negligible.
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The average K, parametric curve is presented on each figure as a solid line with multiple
extensions where width effects are displayed in the data. As added information, where data are available,
the propensity for slow stable tearing prior to fracture is indicated by a crack extension ratio, A2a/2a,. The
coefficient (2) indicates the total crack length; the half-crack length is designated by the letter “a.” In
some cases, where data exist covering a wide range of thicknesses, graphs of K,,, versus thickness are
presented.

1.4.13 FATIGUE CRACK GROWTH — Crack growth deals with material behavior between crack
initiation and crack instability. In small size specimens, crack initiation and specimen failure may be
nearly synonymous. However, in larger structural components, the existence of a crack does not
necessarily imply imminent failure. Significant structural life exists during cyclic loading and crack
growth.

1.4.13.1 Fatigue Crack Growth — Fatigue crack growth is manifested as the growth or
extension of a crack under cyclic loading. This process is primarily controlled by the maximum load or
stress ratio. Additional factors include environment, loading frequency, temperature, and grain direction.
Certain factors, such as environment and loading frequency, have interactive effects. Environment is
important from a potential corrosion viewpoint. Time at stress is another important factor. Standard
testing procedures are documented in Reference 1.4.13.1.

Fatigue crack growth data presented herein are based on constant amplitude tests. Crack growth
behaviors based on spectrum loading cycles are beyond the scope of this Handbook. Constant amplitude
data consist of crack length measurements at corresponding loading cycles. Such data are presented as
crack growth curves as shown in Figure 1.4.13.1(a).

Since the crack growth curve is dependent on initial crack length and the loading conditions, the
above format is not the most efficient form to present information. The instantaneous slope, Aa/AN,
corresponding to a prescribed number of loading cycles, provides a more fundamental characterization
of this behavior. In general, fatigue crack growth rate behavior is evaluated as a function of the applied
stress intensity factor range, AK, as shown in Figure 1.4.13.1(b).

1.4.13.2 Fatigue Crack Growth Analysis —1tis known that fatigue-crack-growth behav-
ior under constant-amplitude cyclic conditions is influenced by maximum cyclic stress, S,,,, and
some measure of cyclic stress range, AS (such as stress ratio, R, or minimum cyclic stress, S ), the
instantaneous crack size, a, and other factors such as environment, frequency, and temperature. Thus,
fatigue-crack-